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INTRODUCTION 

The developmeot and lire-time of multicclluJar culuxyotic 
organisms represenu a complex interplay of aumerous pro- 
liferation and diflcrcntiation cveott that proceed in a highly 
ordered manner. As a prerequisite for those event*, cefli must 
respond to extracellular signafs with • specific set of mecfaaainns 
that regulate or modulate gme expression. Between tlie signal 
and the geito. a system of rathex diifoent ceUubr componenU ii 
assembled to guanuttee a qiecific and suoaessad pnwess oT^a/ 
tratmtuetlon. Pathways of signal transduclmn, Ihougli differing 
lemarkably in their complexity and in the use of cellular 
components, se«m to obey certain principles which are 
evohittonarily conserved and ubiquitously distributed amongst 
living organisms, 

Extiaccllular ngnals, so-called llgmds, either penetrate the 
cellular membrane or bind to the extracellular domain of 
rectplors. Activated receptors as such, or In association with so- 
called transducers, are enable of activating ^ectora-dthcx 
directly or by means of changing the amount or iotracellular 
distiibation of so-called second messengers. These second 
messengers activate target proteins which, as such, or by acting 
on ftirther 'downstream' targets, finally modulate gene ex- 
pression at both the transcriptional and traoslational lev«U. 
Target proteins at the same time act back on tFansducers and/or 
receptors to switch off the signal transduction in a Idnd of 
feedback infaibitioa Figure 1 schematically summarizes the 
pathways of signal transduction (for leview see Parker, 1991; 
Karin, 1992). In view of the complex inteiplay of signal trans- 
duction componcnu that regulate ptolifention and differen- 
tiation events, it is not surprising that most if not all known 
proto-oncogenes have turned out to represent proteins involved 
in signal transduction pathways at all levels, i.e. ligands. 
receptors, tnnsdncers and effectors (for a review see Hunter. 
1991). Most of the components of signal transduotioo pathways 
are protons whose activity is altered by either ligand or second 
messenger binding, by covaleat modifications and 1^ subsequent 
cshanges in confonnation or subunlt number. TTw majority of 
covalent modifications obsoved are jdioqihorylations on tyro- 
sine or serine/threonine residues, and both fyr- or Ser/Thr- 
spedflc kinases and their protefa substrates arc present amongst 
the numerous components of signal tranaduction. Moreover, 
some of these protein Idnaaes are- theouelves substrates of other 
protein kinases or modulate their own activity by (multiple) 
autophosphorylation reactions. 

Two prominent Ser/Thr-spcdflc kinases, both activated by 
seoond messenger action, play a central role in signal 



transduction: the cyclic AMP-dependent protein kinase A (PKA) 
(for a review see Taylor et aL. 1990) and the Ca*VphosphoIipid- 
- kinase C (PKQ (this Review). The latter 



« its role u a key enzyme in signal transduction by the 
fact that it represenU the direct "receptor" protein of phorbol 
esters, substances known to interfere dramatically with pro- 
liferative and differentiation evoats by promoting oncogenic 
traosfonnBtion of cells tn pbw and In situ. (To avoid mls- 
imdentanding we define data ftom intact animals or tissue a« In 
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vtoo, daU from cell cultura ac In situt and data obtained lh>ni 
Mpeiinwnts with cdl-rm oonqionents at tn vitro.) Tb» diaoovety 
Uial PKG repRsenU a kxca gone fiunfly of howayaut dlffisdng 
Ronailuibly in Aeir stiuctun and raprmion in diflhttnt tiaanes, 
in th^ mode of activaaon and in lubatnte aiieolfldtK may 
enable lu to ^uddate the key role erf* PKC jsoenzymci in signal 
transduction and to iinkPKCiaoaizymc action to the modulation 
of gone expreasion neocssaiy for changes in the proliferative and 
difiSttendation status of eukaryotic oeUs. 

In thi* Review, we have coo^iiled cturent knowledge on the 
action of PKC isoenzymes with the goal of evaluating the 
posaihiHiy that signal transduction pathways lead to quite 
divergent responses by usage of the different PKC isoenzymes. 
Within this scope, we have reihuned from citing numerous 
references that are compiled in detailed nsviews on PKC which 
have appeared at tc^lar intervals in the past (Kikkawa and 
NishiTuka, 1986; Nishiauica, 1988; Kikkawa et al.. 1989; BeU 
and Bums, 1991; Stabel and Parker. 1991; Axa et al., 1992; 
Clemens et al., 1992). 

THE PROTEIN STRUCTURE OF PKC ISOENZYME* 

OriginaUy. PKC was discovered by Nishizuka and oowodcera aa 
a histone proton kinase from rat brain that couki be acttvated by 
limited imtteotysia (Inoue et al., 1977), Ca** and (pho^o)lipida 



CTakaiatal., l979)orphorboleeteraandphoapholiixlds(Ca8tagna 
et al.. 1982). From biochemical studies and purifications (Huang 
et al., 198<a), it soon became dear that PKC rqtreseated a group 
of at least three isoenqrmes or isoforms («, fi, y), but the major 
bnoak thro ugh emerged from cloning the cDNAj of an ever 
increasing number of PKC isofoims, mostly Grom brain cDNA 
libraries (see refereiKes in Table 1). So far, the cDNAs coding for 
nhie different PKC isoenzyme* have been cloned from difTeient 
species and tissues or cell lii»a (TaUe 1; following the no- 
mendlature of Nishizuka, 1988). Tluy can be divided into two 
main groups : the Ca'-^-dependent or con venU'onal PKCs (cPKOs) 
and the Ca"--indepeodenl or novd PKCs (nPKCs) (Ohno et al. 
1991). The PKC isoforms a, yjt, and y belong to the C***- 
depMident group, and the isoforms i,e,C^ and 9 to the Ca***- 
hidependent group. The recently identified muriiw (Osada et al., 
1990) and rat (Dddier et al., 1992) PKC 9 u identical with the 
human PKC L (Badier et al.. 1991. 1992) and we rBfer to tbeee 
PKCs a* PKC V (Table I). Hie PKC «'-cDNA (Ono et al.. 1988b) 
is very likely to represent a partial c-cDNA done since no 
c'-proiein could be identified by overexpresaing the human ^- 
cDNA in either mammalian, or insect ceUs Oi. Hug et aL, 
work). For a convarison of the mammalian PKC 



isoeoiymes with those from lower eukaryotes, v 
exceed the scope of this Review, the readectbouM rafer to Stabel 
and Parker (1991). 
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The primaty amino add stnicture, deduced from th* cDNA 
sequence* available, can be divided into cooserved and thus 
loesumably ftmctional domaiD* (C1-C4) which are separated by 
variable regions (Vl-V 5), the flmction of which is not yet evident 
(Coussens et al., 1986). All PKC isofonns contain these coostaat 
and variable regions in a single subunit protein, although the 
nPKC isoenzymes differ in part from the structure of the cPKCs 
OFtgure 2). The C-terminal regions O-VS have been defined in 
all PKC isoenzymes as the catalytic domain, which la separated 
by the V3 r^oa from the N-tetminal tegulatoty domBin. 

The N-tenninal VI region (tf the cPKC hoeazyaut is a abort 
stretch of approximately 20 amtao aoids and no Amotion has 
be«i attributed to this i^on. In contnist, the Vi region of the 
nPKC Isoenzymes is rather extended and may well influence or 
modulate tlie Auction of tte conserved domains common to 
both c- and nPKC isofonns. 

At the beginning of the CI tegion, a sequence motif is located 
that is aimOar to the consensus sequence xRxxS/TxRx found in 
the phosphorylation sites of prominent PKC substrates (House 
et al., 1987; Graff et al., 19S9; Konp and Pearson, 1990; House 
and Kemp, 1990). However, the serine or threonine residue 
found in the substrate motif is changed to alanine in all PKC 
isoenzymes (Hguta 3). Thus, (bk motif cannot be phosphorylated 
and is very lilcely to zepreseot a psmidosubstnue site that esliibita 
autorcigulatoiy features (Sodeilng, 1990) by blocking the caia- 
lytio (substrate binding) dte. In fiut, pseudtnubstiate peptides 



are rather efficient inhibitois of PKC both l*i vitro and bt situ 
(House and Kemp, 1987; Eicfaoltz et al.. 1990; Shen and Bud^ 
1990): likewise, synthetic peptides containing this sequence with 
alanine replaced by a serine residue can be used as In vitro 
substrates (Manis and Parker. 1989; Scba^ et al.. 1989; Olivier 
and Parker. 1991; Oekker et al. 1992). A PKC a mutant 
containing a glutamic add residue at position 25 (Figure 3) 
showed an inonaae in effeotor-indepoident kinase activity and in 
its sensftlviqr towards proteolytic activation (Pears et al., 1990), 
and and^pseudosubstnte antibodies could be used to aotivale 
PKC in citra (Makowske and Rosen, 1989). On the basis of tiie 
paeudosubstrate scqtieacc, one can speculate on the substrate 
spedUdty of PKC isoenzymes; however, a comparison of these 
sites (Figure 3) does not reveal any significant differences and nca 
do the cPKC isoenzymes cc/SIand/showany distinct differences 
when probed with the leqiective substrate peptides (Marais and 
Parker, 1989). It dunild be noted, however, that within natural 
(holoprotein rather than peptide) substrates of PKC, structures 
of higher order may determine substrate spedfidty (Kemp and 
Pearson, 1990). 

The Cys-rich region within the CI domain (Figures 2 and 3) 
consists of two zinc finger nnotifs ead» with six cysteine residues, 
a DNA-bin<&ng motif found in tiansoripdon factors like OAL4 
(Pan and Cokiman. 1990). For both PKC and GAL4, it has been 
. shown that two Zn*"' ions are co-ordinated between six cysteine 
residues (Quest et al., 19^ fliough no obvious role of Zn** ions 
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is detectable. For PKC isoenzymes no DNA-binding activity has 
been demonstnited, but the regulatory subunit alone* generated 
by proteolytic cleavage in the V3 hio^ region (see below), may 
bind. Three flutber proteins, diaoylgtyoerol (DAG) kinase 
(SakaneetaL, 1990;SafaaapetaL. 1990), c-RafUnase isoenzymes 
(Bruder et aL. 1992) and />-cfaimaerin CAhmed et aL, 1990), show 
no DNA-binding activity although they contain a zinc finger 
motif. The use of deletion mutants of different PKC isoeiu^ea 
revealed that the Cys-iich region is mcessary for OAtQ and 
phorbol ester binding (Mununatsu et sL. 1989; Kaibuchi et al., 
1989; Bums and BcU, 1991). Moreovtr, the CI domain, expreaaed 
in Escherichia coli, exhibited phosphoUpid-depeadent phorbol 
ester binding (Ono et al., 1989b). PKC { contains only one zinc 
finger (Figure 3) and does not bind DAO or phorbol ester (Oao 
et al., 19S9a; McOlynn et al.. 1992); this is in agreement widi the 
finding that, at least m vitro, PKC Z exhibits a ccwstitutive 
protein Jdnase activity (Liyauage et al., 1992; McGiymi et aL, 
1992; Nakaoidu and Exton. 1992) which might be infiuenced in 
vivo by other unknown factors. It acenis noteworthy that all PKC 
itoeozyme*. even PKC exhibit a distinct distance of 15 amino 
adds from the end of the pseudotubstiate box to the beginning 
of the zinc finger motif (see Figure 3). 

The Ca"^-iodependent nPKCs lack the C2 region (Figui« 3). 
which is thought to represent the Ca**-biading domajn of the 
cPKCs (Ono ct al., 1988b; Ohno et al., 1988a}. No sequence 
motif that rquesents a known Ca'^-Unding site, e.g. the dasaical 
E-F band binding motif, could be idoitified. but the CSH region 
contains many acidic amino acids which are thought to par- 



ticipate in Ca^ binding (Ohno et aL. 1987). Nevertheless, 
honiologies of the C2 domaia of the cPKCs with sequences of 
other Ca**-biadiag ptoteiiu haw been r^rted. e.g. with 
phospholipaae A, (Clark et aL. 1991), phospbolipase C-y (Stahl 
et al.. 1988) and two synaptk: vesicle Ca*^-dependent proteins 
^erin et al.. 1990; Gen>ert et aL. 1991). 

The V3 or hinge region separates the regulatory from the 
catalytic domain (Figure 2). This region is sensitive to proteolytic 
cleavage by trypsin or the Ca^^-dt^tendent neutral proteases 
calpain I and U wbkb leads to a constitutively active kinase 
(Kisfaimoto et al.. 1983; Huang aiul Huang. 1986; Schaap ct al.. 
1990). PKC a is more resistant to proteolytic digestion tbu PKC 
and r (Huang et aL, 1989; Kishimoto ct al., 1989; Kochs et aL, 
1993). Tbe deavage sites for PKC a, and y by calpain I and II 
(Kishimoto et al.. 1989) and for PKC c by trypsin (Schaap et al.. 
1990) have been determined and are ^eficbed in Figure 3, though 
no obvious consensus sequoice can be found between those and 
other nPKC isoenzymes. Funter experimental evidence will be 
necessary to determine whether or not the V3 region of tbe 
different PKC isoenzymes exhibits certain features that modulate 
the susceptibility to proteolytic cleavage. Recent findings (James 
and Olson, 1992) indicate that tte hinge region (aiui the caulytic 
domain) may be involved in tbe nuclear targeting of PKC a (see 
below). 

The C3 r<«ion contains the ATP-binding motif 
xOxOx,ax,,Kx coaiserved in most protein kinases (Taylor et al.. 
1990; Kemp and Pearson. 1990). Only PKC £ differs sli^tly 
from the consensus ATP-bindiog motif; it contains aa alanine 
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tnitead of a glycine at pofition 2M (Figure 3). Nevcrthdeas. 
fauman PK.C ( purified from recombinant baculovirua-infected 
insect cells docs show kinase activity (Liyanage et al., 1992; 
McGIynn et al.. 1992; G. Kochi and H. Hug. unpublished 
work). 

The C4 region contains the substrate binding site and the 
l^osphate transfer region (Figure 3). The central element in the 
phosphate transfer region, again highly conserved amongst 
protein kinases (Taylor et al.. 1990; Kemp and Pearson 1990). is 
the sequcitoe DFO. The Asp residue is thought to be responsible 
for the (ransfer of the phosphate group to substrates. In all PKC 
isoenzymes, there is a conserved distance of 105-108 (113 hi 
PKC y) amino adds between the end of the ATP-binding site 
and the beginning of the phosphate transfer tegioa. Again. PKC 
; exhibits a s.Hgfat deviation from the cooseiuus sequence DFG 
with a substitution of pheai^alaiiiae 1^ tyrosioe. 



1HE BIOCHEMIML PROPBITIES OF PKC ISOENZTMES 

Though certain ftatures of the PKC isoenzymes can be deduced 
from the protein structure derived from the sequence of the 
dooed PKC cDNAs (see above), the greater body of information 
has been accumulated by detailed tMOchemical arudyses. Those 
studies were carried out with isoenzymes purified to homogeneity 
mostly from rat, rabbit or bovine brain (Huang et al., 1986a; 
Jaken and Kiley, 1987; Sekiguchi et al.,, 1988; Maiais and 
Parker, 1989; Leibcrspergcr et al., 1990; Koide et al.. 1992; 
Ogita et al.. 1992; Saido et «1.. 1992). To date, expression of 
isoenzyme cDNAs in either COS cells or recombinant 
baculovirus-infected mscct cells allows for the purificatioo of 
distinct PKC isoenzymes for taochemical charactoization 
(Knopf et al.. 1986; Ohno et al., 1988a: Ono et al., 1989a; Patd 
and Stabci. 1 989 ; Bums et al.. 1990: Rebicfa et al.. 1990; &tHwp 
and Parker, 1990; Aklta et at, 1990; Osada et al.. 1990; Olivier 
and Parker, 1991; Bums and BeQ. 1991; Stabel et al.. 1991; 
Liyanage et al., 1992: McOlyan et at. 1992; Osada et aL. 1992; 
Dekker et al., 1992). The molecular mass vahies of these PKC 
isoensymes. either calculated trom the open teadmg frame of the 
respective cDNA sequence or rq;x>rted from SDS/PAOE analy- 
ses, are listed in Table Z The obvioua deviations of these values 
are thought to be due to oo> or post-traaslational modifications 
(see below); in several cases, a doublet of protein bands is 
observed. 

Eflkient in vitro assays have been developed to study partially 
or highly purified fractions of PKC isoenzymes derived from the 
sources mentioned above. As a m^jor advance, the use of 
DAO/PtdSer vesicles (generated by sonication) as the classical 
acUvator of PKC (Takai et el, 1979; Castagna et al.. 1982) has 
been substituted by so-called mixed micelles as the activating 
principle of PKC (Hannun et al. 1985). The latter, composed of 
(pho8pho)lipid acUvator(s) embedded hi Ttiton X-100 micelles, 
have proven to virtually mimic the altuatloa of the cdlular 
membrane oivironment of PKC and has minfanizod artifacts 
such as damage to vesicle structure by the pxesenoe of Ca** (Bell 
and Bums, 1991). Origbially. histones (HI or lU-S), myeUn baric 
protein (MBP) or protamine wen used as substrates for PKC 
iioeiti9ine< Cftkas et al.. 1988; Bums et al., 1990). but ^thctio 
peptidM derived ftom the Ala -* Ser mutated psMidosubstrata 
aequenoe (Maiais and Parker, 1989; Schaap et al., 1989; Olivier 
and Parker. 1991; Dekker et al.. 1992) or from known PKC 
mibstiates, e.g. the EOF receptor or MBP (House et aL. 1987; 
Yasudtt et al.. 1990) have provMi to be adequate and even mon 
^Mciflc substrates. This has bom supported by the raceot flndhig 
that some of the nPKCs, PKC 9, e and ^, display Uttle or no 



kinase activity on histone, MBP or protamine (Liyanage et al., 
1992; Dekker et aL, 1992). 

By n»ans of those in vUro systems, the biochemical properties 
of the different PKC isoenqnnes have been investii^ted with 
respect to the activation, autophosphorylation, proteolytic 
activation/degradation and. last but not least, substrate 
q>ecifldty. 



The finding that PKC represents a (xihospho)Iipid dependent 
protein kinase has drawn attention to the cellular glycerolipids, 
sphingolipids and their metabolic breakdown products (Bcnidgc 
1987, 1989) and the ensymes involved in lipid metabolism, i.e 
phospholfpases and Ptdlns kina8c(s) (Mcldrum et al., 1991). At 
least for the cPKCs, a model of activation was sufficient and 
convincing that included 0) the generation of DAG and 
In8(l,4,5)/', from plasma membrane-associated PtdIns(4,S)J>, by 
the action of phospholipate C, (ii) the release of Ca»* from 
intraocUular storage sites stimulated by lns(l,4,5)y>„ (iU) the 
bindmg of Ca** to the C2 re^on of PKC and subsequent 
translocation of the cmyax to the plasma membrane, (iv) where 
it is activated, via its CI region, by DAO and PtdSer, the latter 
being constitutively present in the membrane (reviewed by Bell 
and Bums. 1991 ; Oscbwendt et al.. 1991 ; Zldovetzki and Lester, 
1992). In this model, idiorbol ester would mimic the action of 
DAG and. by its persistence in the oeUular membrane, lead to a 
long-term activation of PKC (Oschwendt et aL. 1991; and 
references cited therein). 

Activation of the cPKOi is thought to reqnln DAO as 
activator and PtdSer aa cofiutor of activation, the presence of 
both reducing the Ca** eequiiemeat of PKC to the micromolar 
range (Lee and Bell, 1991, and r^teenoes died dierein). For 
activation with phorbol estera in the case of cPKCs, the presence 
of Ca** is not required but lowera the concentration of phorbol 
ester neoeasaty to obtain Adl PKC activity (Ryvcs et al., 1991). 
As outlined above, members of the nPKC group do not lequirc 
Ca** for activation, but require dthcr DAG/PtdSer or 
PMA/PtdSer, except for PKC f which exhibits a low but 
constitutive activator-indepeiulent Idiuise activity (Liyanage et 
al., 1992; McClynn et aL, 1992). However. Nakanishi and Exton 
(1992) have reported a marked stimofaUion of PKC ^ verity 
(purified from bovine kidney) by PtdSer or unsaturated fatty 
adds. e.g. arachidonic add. 

Recently it has been shown that other components of 
glycerolJpid metabolism can be activators of PKC at least in 
vitro (Lee and Bell, 1991 ; Otauhan et al, 1991 ; Orr and Newton, 
1992; Kocha et al.. 1993). Caidiolif^ is able to activate PKC «, 
fil (Kochs et al.. 1993) and e (Saido et al.. 1992). Anchidonio 
add (Klkkawa et aL, I9S9; Bums et al., 1990; Ogita et al., 1992) 
and even better lipoxfai A (Shearman et al., 1989), another 
lipoxygenase metabolite, are capable of activating PKC fin, y 
(Shearman ct al., 1989) and « (Ogita ct al., 1992), even in a Ca'*- 
indcqpendeat fashion. PKC a can be activated by arachidonic 
add only in. the preseooe of Ca**, whilst PKC fil and S do not 
respond at all (Shearman et al.. 1989; Bums et aL, 1990). 
Surprisingly, Ptdlns(4,5)y>, can lulxtitute for DAO (Chauhan et 
aL. 1991) as an activator of PKC a, ^ and 7 (Lee and Bell 1991 ; 
Kooha et al.. 1993). but not of /OT (Lcc and Bdl. 1992), and 
Ptdfns can replace PtdSer as oofactor of acdvation, at least for 
PKC tLKoAfil (Kocha ct al., 1993). These findings, together with 
observations dtat DAG can be generated in an inositol llpld- 
Independent way. e.g. from phosphatidylcholine (Huang and 
Cabot. 1990; C^taldt et al.. 1990) may indicate Oat some if not 
all PKC isoemgrmea may be activated by diflbrent aeoond 



334 



H. Hug and T. f. Sarre 



ir RUM VMIM M PKC iionzyniM 

ass«s tn Hbin ttN cDNA saquence; tppartnl m^M^ m 
MoMcmw (Mss (kOi) 



80-61 PtitK •( ti, 1816: MmIs tnd Putw, <989: 

Bum It «U l«W: Beam K iL. t«»2 
7>-80 0Mil«Uin7.iyHnitB)dP«rlml9N 
BO GoiMHnitt«L.1tM.0K)atii,1M7,eunHilaL,1AM 
K+Si 79-aa OHonm « <L. isae; rSM and SMal. Minis mil 

P«te. igM; Bwm M ai. law 
78. TB+ra. 74+76. 77-79 Ono «i ri. 1«B8b: UgG^ et ^.1992: (NMer md 

Partor. 1991: OgXi (I tL. 1992: >or)W «l iL, 1992; 

Uyvag* M *L. 1B82 

89. 90. 9fr-«1, 93+96. 96 Ofeno « ri., 1968i: Bamtr et iL. t982: Sdwptnd 

Paitar. 1991 ; Uyaragi at al, 1992: KoM M iL, 1992: 
Sakto d iL. 1192 

n.78.78-80 OnoatiU19m:NriaiUBMM(t&dDn.19g2:Mcaym 
82,84.88 



inenengen ia a distinct way. Cytoldnes such as IFN-«. IL-I and 
IL-3 have been reported to induce phosphatidylcholine hy- 
drolysif, but not inositol phospholipid turnover (Duronio et al., 
1989; Cataldi et al.. 1990; Pfeffer et aL. 1990). and recently, 
selective activation of PKC and c by IFN-« treatment of HeLa 
and Daudi cells, respectively, has been demonstrated (Pfeffer ct 
aL, 1990, 1991). Thus, the signal-induced production of a distinct 
second messenger or activator may actually decide which PKC 
isoenzyme becomes activated or not. Moreover, a detailed study 
on the activation potency of different phorbol ester derivatives 
on PKC Isoenzymes reveals quite distinct diffimnces, e.g. for 
PKC i and PKC (Ryves ct al., 1991). 



Most protein Id nases described so far exhibit a rather pronouoced 
autophosphoiylatiott which is often but not neoessarily linked to 
a modulation of kinase activity (Miller- and Kennedy, 1986; 
Oalabhi and Hovonessian. 1987). Aatopiiocpfaoiylation has also 
been reported for all PKC isoetuyines known, e.g. PKC a (Pears 
et al.. 1992), ftl (Koohs et aL, 1993). fiR (Flint el aL, 1990), y 
(Patel and SUbel, 1989; Fiebich et aL. 1990). i (Ogita et al., 
1992). e (Koide et al., 1992; Saido et al., 1992), C (R. Hummel 
and O. Kochs, personal communication), if (Osada et al., 1990; 
Oekker et aL. 1992) and 0 (Osada et oL, 1992). Detailed studiei 
on the role of autophosphoiylation have mostly been earned out 
with cPKC isoenzymes and have revealed that it is an in- 
tramolecular reaction at serine and threonine residues on both 
the regulatory and catalytic domains (Huang et ai., 1986b; 
Mochly-Rosen and Koshland, 1987; Newton and Koshland. 
1987). As expected, autophosphoiylation has a AT. value for 
ATP about 10-fold lower than that for substrate phosphorylation 
and is strictly dependent on the presence of activators (Huong ct 
aL, 1986b; Newton and Koshland, 1989). Though it has been 
reported to affect PMA and Ca'* binding (Huang et al., 1986b) 
and the value for histone HI as substrate (MocUy-Rosen and 
Koshland, 1987), autophosphorylation clearly seems not to be a 
prerequisite for PKC aotiviQr, but rather a concomitant event A 
detailed study on PKC /SII (Flint et aL, 1990) neveitheless 
revealed certain intnesting lisatuias of autophosphm^tton: ^i) 



all phoq>hotylat«d residues were found in variable regions of 
PKC (see Figures 2 and 3), ij>. VI (Ser-lfi. Thr-17) right before 
the CI box, V3 (Thr-314, Thr^324) and V5 CThr-634, Thr-641); 
(ii) the surrounding amino acid context did not exhibit any 
consensus sequence nor any similarity to the pscudosubxtrate/ 
substrate consensus motif (see above), 'though some select- 
ivity must adst since threonine and serine residues next to 
autophosphorylatcd ones (e.g. Thr-314 and Thr-324) at« 
not pboapborylated (Figure 3); (iii) the distribution of auto- 
phosphoiylation sites over the N-terminus, the hinge region and 
the C-teiminus indicates a close proximity of these regions to the 
catalytic centre of PKC, in $^tc of the fact that the current model 
of activator binding (a prerequisite of autophoqAoiylation) 
postulates a complete or partial unfolding of Ihe PKC mokculs 
(Bell and Burns. 1991 ; ZidovBtzki and Lester. 1992). Whilst PKC 
fia phosphoiylates on iwtli serins and threonine residues (Flint 
et aL. 1990), a comparaUve pbospho-amino acid analysis of 
highly purified PKC a, fl. and C revealed ahnost exduslva 
autopbospborylatioa of PKC « and C on seriiM; in contrast. 
PKC fl autophosphoiylttea primarily on threonine residues (S. 
Oaubatz ai»l T. Sarre, unpublished work). 

Rqxurts on a potential role of autophosphorylation for the 
proteolytio activation and d^iradation of PKC (see below) have 
been controversial: whilst Ohno et al. (1990) found a severe 
impairment of PMA-induoed downregulation for a kinase- 
ncgaUve mutant of PKC at expressed in COS cells or rat 
ifbroblasto. kinaso-ncgative mutants of PKC a and y eiqpiessed in 
COS cells coukJ be downregulated by PMA (Pears and Parker, 
1991; Frcisewinkel et al., 1991). Moreover, inhibition of en- 
dogenous PKC activity by the potent inhibitor K2S2a did not 
prevent downregulation in Swiss 3T3 cdls (Lindner et ol., 1991). 
Nfev«rtheiess, autophosphorylation, as <»ie of the Immediate 
early eventt of PKC activity, may be used as a potential measure 
of activation (Mitchell et al., 1989; Molina and Asbeodei. 1991 ; 
Pfeifer et al., 1991 ; S. Caubatz and T. Sane, unpublished work) 
and may reveal isoenzyme-spedfic activation in distinct signalling 
pathways. 

Several rqtorts suggest a post- or even co-tnmsktional 
phosphoryfaition of PKC prior to activation (Bomeret al.. 1989; 
Piears et al.. 1992). Without this initial phoqihorylatioo, PKC is 
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inactive and cannot be activated. This obscrvatioa it supported 
by the findios that PKC cxpresied In E. cali is inactive (Dietrich 
et al., 1989) due to the lack of an as yet unidentified PKC kinaae 
present only in eoicaryotk cells. In this letpect. protein 
phos|Aatases become relevant (Parker et al., 1986b}, and it is 
notable that, at least with PK.C a, potato acid phosphatase is 
capable of depbosphorylating PKC without loss of PKC activity, 
whilst protein phosphatases 1 and 2A completely abolish PKC 
activity (Pears et al., 1992). If autophospfaoiylation play* a role 
at aU (if not for activity or proteolytic d«gndatioa thea perhaps 
for translocation or substrate spedficity), the localizalioa ofiU 
target residties wilhio the vaiiabfe x««ioa< mif^t indfcate a role 
that is quite diverse betweeo PKC fooenzynies. 



Pfotofllytte Mllnltofl aid jatndiMon 

As mentioned above, PKC WM flm discovered as a ptotease- 
activated protein kinase (Inoue et al., 1977), and only lata- did it 
become evident that proteolytic ctoivace actuaUy followed ac- 
tivation (Klsbimoto et aL, 1983). The retqMctive proteases in vioo 
are thought to be Ca'^-dependent neutral proteases I and II 
(calpains) which are active in the micromolaT and tniOimolar 
concentration range of Ca** reflectively (InoiM et al., 1977; 
Kisbimoto et al., 1983). Calpains cleave PKC in the V3 hi^ge 
region (Figoxe 3) and thus produce two distinct fragments, a 
protein comprising the r^ulatoiy domain and a protein con- 
taining the Idnase domain whitdi is catolytically active in llic 
absence of any activators (Kishimoto et al.. 1989; Saido et al., 
1992). In vitro, this proteolytic activation can be achieved by a 
limited trypsin Ueatmeat (Huang et aL, 1989: Newton and 
Koshland, 1989; Schaap et aL, 1990; Kochs et al.. 1993). though 
in viw, activation of PKC and translocation to the oeU membnuie 
is thou^t to be a pmequisite for proteolytic deavage. However, 
it is not yet clear whether further proteolytic degradatioa serves 
as a means of preventing continuing Uuise activity or if the 
caUlytic fngment. released from the memfanne to the cytosol 
(and possib^ to other odlulor compartments), is capable of 
acting as a constitutive, activator-indcpcncbmt Idnasc. The latter 
possibility has found support in the recent observation that a 
PKC a. mutant, devoid of the regulatory domain and expressed 
in COS cells, was selectively translocated to the nuclear envelc^ 
(James and Olson 1992). Moreover, one could specuhite that the 
regulatory fragment may now bind - by its zinc finger domains - 
to DNA (Murray et al., 1987, sod refereiures dted therein). 

In numy cell types, proI<Higed treatment with phorbol esters 
results in (ahnost) complete depletion of cellular PKC (so-called 
downregulation) whkfa is in favour of the first alternative, i.e. 
prevention of permanent kinase activity. In other cases, cellular 
responses involving PKC could be blocked by the protease 
inhibitor leupeptin. thus indicating a distinct role of proteolytic 
cleavage (Poatremoli et aL, 1990. and reftoences dted therein). 
With respect to downregulation, PKC laoeu^es exhibit quite 
extreme dUhrencea Af Mto (see below) which is in agraemcmt with 
observations tn vitro. Compared to PKC fi bs\A y, PKC a is 
relatively resistant to both calpain- and irypsln-mediated pro- 
teolysis (Kishimoto et aL. 1989; Hmng et aL. 1989; Kodhs et al.. 
1993). Moreover, tryptic activadon of PKC e not only rendered 
the enzyme lipid- and PMA-independent but inrrtnu^ \u kinase 
ocdviQ' toward* htetooe about lO-foM (Slciiaap et aL, 1990). 
Further work will be necessary to deteimine the role of proteoly^ 
deavage with respect to activation, degradation and 
rdocalization to cellular compartments, and substmte aptddkity 
of PKC isoenzymes. It diould be noted that recent reporu 
indicate a qieciflc role of the degndatloa of distinct FKC 



isoenzymes during the process of ccUular dilTerentiation. A 
decrease of PKC e secnu to accompany (or promote?) the 
differentiatioa of mouse erythroleakaemia ceils (Melloni et al.. 
1989; PoweU et al.. 1992). and the diffstenttation of a neoro- 
blastoma cell line is promoted by an inactivation of PKC a and 
c (Ldi et aL. 1992). 



For quite a white, our insiiJiU into the substrate specificity of 
PKC have been ooiutiained by the observation that at least the 
cPKC isoenzymes appeared to be non-«peci&; Ser/Thr kinases 
vttro. Thus, hlstonec HI or niS. MBP, protamine or any other 
basic protdn or peptide could be used as effldmt substrate as 
long OS it contained the phosphorylation site motif xRxxS/TkRx 
(see above). This contrasts remarkably to several, but not all. 
Ser/Thr kfaiases and to the Tyr kinases known so far (for a 
review see Kemp and Pearson. 1990). Nevertheless, a comparison 
of PKCisoem^mes and their activities towards distinct substrates 
in vitro has reveakd diflcrcnoes that may indicate an even more 
pronouiusod spocifidty towards natural substrates under physio- 
logical conditions. Kinase activities of PKC fH, fiO. and y 
towards histone UIS, protamine or MBP are very similar (Matais 
and Parker, 1989; Burns et aL, 1990), though PKC y has a 2-3- 
fold lower activity towards protamine or the pseuidosubstrate 
site-derived synthetic peptide of PKC ct or ^ (Marais and Parker. 
1989). Members of the dPKC group diilisr significantly from 
«PKC isoenzymes in thai Ihey exhibit a rather poor kinase 
actlvi^ {$>^>0 towards histone lUS. MBP, protamine or 
protamine sulpfaate (Ono et al.. 1989a: Sdiaap and Parker, 1990: 
Ofivior and Parker, 1991; Saido et al., 1992; Liyanage et al., 
1992; McOlysn et aL. 1992; Dekker et al., 1992). Urns, it was 
sometimes necessary to use synthetic peptides derived from the 
respective pseudosubstrate sequence, the EOF receptor or MBP, 
to detect kinase activity of nPKC isoenzymes at all CScbaap et al.. 
1989; Saido et al.. 1992; Ogita ^ al., 1992). This may well explain 
the difllottlties in detecting new PKC isoenzymes by biochemloal 
analysis, if the appropriate substrates are not available. 

Several observatiotu indicate that substrate spedficity may 
be more complex than expected. For PKC e, it could be 
demonstrated that proteolytic activation (see above) significantly 
increased its kinase activity towards histone (Schaap et a]., 1990) 
indicating a distinct influence of the regulatory domain. Indeed. 
geaetical)y engiiwered fusion of the PKC r regulatory d<»uain to 
the PKC y catalytic domain imposed PKC • substrate spedfidty 
onto the diimaeric eazymo (Pern et aL, 1991), A similar 
observadcn has been made with PKC (: chymotryp«ln-medialed 
proteotyiis rsoults in a oatatytio fragment which - in contrast to 
the intact isoenzyme - now accepts the EOF receptor peptide as 
snbstratB (ILHununal tad T. Sairs. unpubllslied woik). In some 
cases, the activator requirement seems to depend on the substrate 
used; for jdiosphaiylation of protamine or protamine sulphate, 
ndihcr cPKC nor nPKC isoenQrmes require any activator (Bazzi 
and Ndsestuen. 1987; Liyanage et al., 1992). In order to 
phosphotylate an MBP-derived substrate peptide, but not the 
o-specific pseudosufastrate site-derived p^tide, PKC e seems to 
require the presenc e of Ca** (Saido et al., 1992). 

/ji situ studies by {**P]orthophoaphate lobdllng of cells treated 
with PMA or other stimuli of PKC-invoIving «i gn«iWft g pathways 
have revealed such a large numbw of putative physiologloal 
substrates (for a review see Kikfcawa and Nishizuka. 19S(Q that 
it is mther diffiodt to assess tiuir signlflcanoe in PKC-nwdiated 
cellular events. They can be arUtrarlly divided into three m^or 
classes: proteina involved in signal tnrasdaction and PKC 
activation (e.g. the EOF, T odl and insulin reo^tors. Has and 
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GAP), (ii) pioteios involved in metabolic pathways (channci*, 
pumps), and last but oot leatt (iii) proteins involved ia regnlatory 
functions coooeroiog gene expnmoa (traocctiptioo A^ton, 
traxuJation Gsctoia). The phospborylation of various tianscrip- 
tioB factors by PKC and other signal-trautductag kinases has 
been reviewed recently (Meek and Street, 1992}. It should be 
noted that amongst PKC xubslnites there might be several other 
protein kinases like S6 kinase or Raf kinase (see below). 

Three prominent substrates, most likely involved In the control 
of cell proliferation me d i ated by PKC. should be mentioned, 
although little is known of the specificity of PKC isocn^mes 
towards them. The myristoyiated. alanine-ricb C kinase substrate 
(MARCKS) is phosf^orylated by PKC under several conditions 
such as macrophage activation or growtb-factar-dqMDdent 
mitogeaeds: its phosphoiylatioa leads to a redittribution bcm 
the actio filaments of the membrane to tbo ^topbsm (Hartwig 
et aL. 1992, and iefereoc«t cited therda). Two Autiwr PKC 
substrates, DKA topoisomerase I (Pomii^ «t aL, 1990) and 
lamin B (Hombedc et al., 1988; Fields et aL, 1988). are awdear 
proteins and thought to be Involved la die oontrol of DNA 
synthesis; th^ gain iatmst in dlaouning a tnmstocation of 
activated PKC isoenzymes to the cell nudeus (see below). 



EXPRESSION OF PM ISOENZYMES 

The tissue distribution of the PKC isoenzymes has been de- 
termined mostly by Northern blot analyses and, more recently, 
by Western blotting uimg isoenzyme-spedilc antibodies. PKC a 
pifO, Jf, e and C seem to bo ubiquitously distributed, e.g. in brain, 
lung, spleen, thymus and skin (NIshizuka, 1988; Wada et al., 
1989; Yoshida et al., 1989; Schaap et al., 1989; Ohno et al., 
1991 ; Wetsel et al., 1992). whilst PKC y is exclusively found in 
the central nervous system, e.g. brain (Nishizuka, 1988; Ohno et 
aJ., 1991 ; Wetsel et al.. 1992), and PKC 7 is strongly expressed 
in sidn.and Iimg and only slijghtly in brain and spleen (Osada et 
al., 1990; Bacher et al., 1991). PKC $ is predominantly expressed 
in skeletal muscle and, to a clearly lower extent, in lung, spleen, 
skin and brain (Osada et al., 1992). Two remarkable deviations 
ftom the distribution of the ubiquitous isoeuaymes should be 
mentioned : PKC a and e seem not to be piesent in liver (Sdiaap 
et aL, 1989; Rogue et al.. 199(9. wlme FKC /r ia the rnqor 
isoen^me (Rogue et al.. 1990); in contrast, no FKC fi could be 
detected in kidney, ie. renal mesangial celb. though PKC 
and C uc present (Huwiler et al.. 1992; see TaUe 3). Though it 
is still an open question why aO PKC isoenzymes known so far 
are expressed in brain tissue, the remaitable differences in 
niunbw and amount of PKC isoemgmes in other tissues make a 
concept of mere redundancy with respect to signal transduction 
rather unlikely. On the other hand, one or the other memb^ of 
dw ubiquitoudy distributed isoeniTmcs. e.g. PKC a or flJTl, 
may substitute for each other in different tissues with respect to 
identical or similar flmction. There n£ty be even a distinction 
between isoenzymes for 'house-kee|»ng' functions and those for 
distinct fHmction in a diffierentiated. qjedalized cell, e.g. for PKC 
B in skeletal musde (Osada et al., 1992). 

In Table 3, PKC isoenzyme expression patterns of (selected) 
ceO lines from various origins have been accumulated, mostly 
determined by Northern or Western blot techniques. -In ac- 
cordance with the tissue distribution described above, PKC a, 
fii/U, g ead ( seem to be the most ubiquitous isoenzymes, 
whilst PKC Y ^ restricted to a neuronal cell line (FC12). 
Information on PKC f and is as yet too limited. Though both 
PKC a and are present in roost cell lines investigated.'innoiic 
of them are both missing. Amongst cells of die haematopoietic 



system, however, PKC a is absent from myeloid cells of difierent 
origin (Mischak et al., 1991b), megakaryocytes (liEL) and 
macrophages (Orabarck et aL, 1992; Duytter et al., 1992), whilst 
PKC fil and fill arc absent from mouse and rat fibroblasts, renal 
mesangial cells, murine erythroleukaemia and neuroblastoma 
cells. Moreover, the absence of PKC c appears to be a feature of 
cells from the myeloid but not erythroid lineage of the haemato- 
poietic system, i.e. megakaryocytes, macrophages, platelets and 
the promyelocytic leukaemia cell line HL 60. To date, these 
obs^vations may rc^roaent just state of the art or may indicate 
an exciting script for distinct PKC isoenzymes withiu the complex 
neiwork of proliferation and difTereotiation events of the 
haematopoietic system (Kfischak et aL. 1991b). Since a true 
picture of PKC isoen^me expression in different tissues and cdl 
linec is rapidly emerging, it can be antic^ted that the n^e of a 
given PKC isoenzjrme In a distioci signalling pathway may 
become evident onoe it is posrilde to define a given odl type 
imequivocall^ by its PKC isoen^ne expression pattern and by 
its dgnal response potential. 

Uttle is known about how the expression of PKC isoenzymes 
is regulated, due to the faot that tofoimation on the gene and 
promoter stiucture is (yet) limited. So far, the promoters of the 
rat PKC y (Chen et ol.. 1990) and the human PKC fi (Niino et 
al.. 1992; Obeid et al.. 1992) gene have be«i doned. The PKC y 
promoter contains one binding site for the geooal transcription 
factor Spl (stimulatory protdn 1) but lacks a TATA and CAAT 
box and therefore is similar to a housekeeping gene promoter. In 
addition, however, it contains several regulatory elements 
(reviewed by Locker and Buzard, 1990) : two AP2 sites, one API 
site, one cydic AMP response dement, one enhancer core clement 
and one omyc PKP site. Since API and AP2 sites confer 
inducibility by phorbol esters, PKC y transcription may be under 
positive control by itsdf or other PKC isoenzymes. The biological 
fbnction could be that PKC mRNAs are inunediatdy repleoished 
if PKC is activated and subsequently degraded, e.g. during 
dowmegulation by PMA. 

The PKC fi promoter contains no TATA box, but a CAAT 
box. two Spl-binding sites, one octamer binding motif site, one 
API and one AF2 site are found (Nihio et al.. 1992. Obdd et aL, 
1992). By deletion analysis, three positive and two negative 
regulatory regions could be identified in the 1.9 kbp region 
upstream from the transcription start site of the PKC ^promoter. 
lYanscriplion under the cmlrol of these regions seems to be cell 
typo specific (Niino et al., 1992). Comparwon with buHrn, not 
yet isolated. PKC promotMS and a detailed analysis by revma 
genetics should IdentUy spedft; elements which could be re- 
qxmsiUeforthedifGsreotexpteraion pottems observed, espedally 
for the ncrvo tissoc-spedfic agression of PKC y. 

The PKC fiH and fin isofonms differ in their 3-ends and 
originate by difTcnmtial splidng. Genomic dones of the 3-cnd of 
the PKC fi gene have been isolated (Ono et al.. 1987 ; Kubo et al.. 
1987b; Cousscos ct al., 1987). According to the nomcndaturc of 
Kuboet al. (1987b) the /n-spodficexon lies behind the ^-specific 
cxon and is separated by an intron of 4-5 kbp ^ubo et al., 
1987b; Coussens et al., 1987). If PKC fi is expressed at all in a 
given tissue or cell line (Table 3), one splice form seems to be 
preferred, whidi indicates that the main regulation seems to 
occur at the levd alternative splicing. Differential splidng is 
also proposed for the PKC c locus (Schaap et al., 1990) ; however, 
only one functional protdn derived from the e locus has been 
identified so for. 

Soon after the detection of the various PKC Isoenzymes it 
became dear not only that there are tiaaue-spcdfic patterns of 
expression but that the amount and number of PKC isoen^mes 
varied within a given tissue depending on its devdopmental stage 
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(reviewed by NUhirolca. 1988; see alto Yodaids ct al.. 1988; 
Wada et al.. 1989). TUs again indicates that a certain set of PKC 
iaoew^es is neceisaiy to guarantee tlie ordered sequence of 
proliferation and diflforentiation events 
maintains the characteristics of a given ti 

INTRACEUULM OlSTRIBIfTION AND TRANSLOMHON OF PKC 
ISOENZYMES 

More recently, the distribution of PKC isoenzymes within resting 
(unstimulated) cells of various origins has been detennlned. 
Upon treatmeDt of these oeUs with certain stimuli, either spedUo 
ones (e.g. growth fhotors, hormonw or «ytokJiies) or onqwoifie 
ones (e.g. serum, jdiorbol esters), a redistribution of PKC 
isooizymes oaa be observed. With ]»olonged tteatntent. the 
proteolytic degradation and dowm^rulation (see above) could 
be bvestigated, too. The distribution, translocation and down- 
regulation of PKC could be vlsiuIiziEd by analysis of the so- 
called particulate (i.e. membrane) and soluble Q.t. cytosolic) 
fractions of the cells, by meant of PKC activity measutvment or 
immunoblotting (using isoeiuymo^pedfic anti-PKC andbodtea). 

Following the activation model outlined above, translocation 
to (the) cellular rocmbnne(s) has been regarded as an equivalent 
of the activation of the respective PKC isoenzyme. However, in 
various ceU tjrpes, rather significant portions of certain PKC 
isoenzymes are oonstitutivdy present in the particulate fraction, 
and it is bard to believe that this indicates a permanent and 
persistent activation or activity as has been proposed (Bazzi and 
Nelseatucn, 1988; fiurgoyne, 1989). With cPKC isoenzymes, an 
increase in intracellular Ca** concentrations is thougjit to pro- 
mote translocation to the cellular membrane where subsequent 
activation by DAO/PtdSer occurs. Following this line of 
thought, phorfooi esters should not only be penistent activators 
of PKC within the cellular membrane, but should also exert a 
pletotropic eflect that leads to translocation of the rci^wctive 
iso«izymes. Moreover, phoibol ester treatment leads to the 



translocation of the Ca**-iadependent nPKC isoenzymes, too, a 
mechanism which is not understood at aU. Recent observations 
that i^iosphoinosilides as sudi are capaUe of activating PKC in 
vitro (Chauhan et al., 1991; Lec and BeU, 1991; Kochs et al.. 
1993} allow for the possibility that translocation alone, without 
the ailditional production of second roessengeiB and activators, 
may lead to the activation of the respective PKC isoan^me. 

In most cell lines investigBted, e.g. those ducted in Table 3, 
PKC a seems to be located in the cytosol and is translocated to 
the cellular membrane and dowmegulated upon PMA treatment 
(Hocevar and Fields, 1991 ; Stnilovlol et al., 1991 ; Huwiler et al., 
1991:C»bosetal., l991;BonMretal., 1992). With more spedfle 
stimuli, however, remarkable dUfcrenocs are observed. In GH^C, 
pUuiury gland cells, PKC a is translocaled to the particulate 
fraction, but not downrcgulated upon treatment witii 
thyrotropin-releasing hormone (TRII) or PMA (Akita et al., 
1990; Kiiey et sL, 1990). Likewise, the PKC a content of 
neuronal PC12 cells is unchanged over a 10 day period in the 
presence of nerve growth factor (NGF) (Wooteo et al., 1992). In 
NIH 313 cells, PKC a is reported td traaslocato to the nucleus 
upon PMA treatment (Leach et al., 1989), and in Swia 3T3 cells, 
PKC (presumably PKC a at the ouuor isoenzyme in fibroblasts) 
seems to associate with Che nuclear fraction upon treatment with 
insuliurlike growth factor I, but with the cellular membrane in 
the presence of bombesin (Oivedia et aL, 1991). As reported 
leccnUy (Jomet and Olson. 1992), a PKC a mutant kicking the 
regulatory domain was associated ptinoatily witii (he nudear 

PKC/f also appears to be a cytosolic isoem^me in imHimnlated 
cells virhich is sensitive to downregidation by I^IA (Huang et al., 
1989; Akita etal.. 1990; Kifey et aL, 1990; Stnilovid et al.. 1991 ; 
Crabos et aL. 1991; Cook «t aL. 1992; Duyster et al., 1992). It 
shouU be noted, however, that statements like that should not be 
genfxaliaed since, recently. Van den JBeighe et al. (1992) reported 
the PMA-resistant localization of PKC ^91 in a human colonic 
cell line, in OH^C, pituitary ^bud cdls^ PKC fiU is down- 
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regubUxJ by PMA. but not by TRH treatment (Akim et aJ., 1990; 
Kiley ef al.. 1990). Stiinuktioa of human platelets with IL-3 
leads to a rapid translocation of PKC p that is more pronoooced 
than that observed with PKC a. (Cook et aL. 1992). and IFN-a 
induces a selective translocation of PKC /tf to the particulate 
ftactioo in HeLa cells (Pfeffer et aL, 1990). In HL 60 cells treated 
with retinoic acid (Makowske et al., I9S8: Hashimoto et al.. 
1990) and in PC12 cells under long term treatment with NGF 
(Wooteo et ai, 1992X PKC fill is signiflcanUy aocumulated 
whilst the other isoenzymes are downregulated or unchanged. 
Recently, Tanaka et al. (1992) reported an increase in the 
activities of PKC a and yf during die dlirorentiation of HL 60 cells 
and the appcanmce of a 'new* PKC isoenzyme when cells were 
induced to differentiation by retinoic add. In imt liver and In HL 
60 cells, a distinct portion of PKC is reported to be found in 
the nuclear fraction (Kiss el al., 1988; Roguo ct aL, 1990; 
Ilocevar and Fields. 1991). 

0<^ding on the cell type, PKC * seems to be diflfetentiaify 
distributed within the cell. Whilst located in the cytosol in human 
platelets (Grabarok ct al., 1992), the majority of PKC » is found 
associated with the particulate fraction in rat6 fibroblasU OSomer 
et al., 1992) and in renal mesangial cells (Uuwiler et al.. 1992). lu 
the latter ceU Hnes, the isoenzyme can be completely down- 
regulated by PMA treatment (Bomer et al., 1992 ; Huwiler et al., 
1992). 

Rather controversial observations have been made with PKC 
s. whidi is mostly cy tosolic in OH«C, pituitary ghmd cells (Akita 
et al.. 1990; Kiley et ai., 1990) and human neuroblastoma oeUs 
(A. Javala and K. Akerman, personal communication), but 
membrane-assodated to a certain extent in U937 cells (Ways et 
al., 1992b), rat6 fibroblasts (Borner et aL. 1992) and icnal 
mesangial cells (Huwiler et at, 1991). In the latter cdl lines. 
downregulaUon by PMA is significantly diminished (Huwiler et 
al., 1 991 ; Boruer et al., 1992), whilst in the promonocytic cell line 
U937 as well as in thymocytes, PKC c is resistant to down- 
regulation by prolonged PMA treatment (Strulovid et al., 1991). 
In contrast to PKC « and /JU, PKC « is downregulated in GH«C. 
pituitary gland cells by both PMA and TRH treatment (Akita et 
al., 1990; Kiley et aL, 1990). IFN-« tivatment of Daudi cells has 
becm reported to result in a selective and rapid activation of PKC 
e (Pf(^er et aL. 1991). 

In several cell lines investigated so flu-, PKC Z seems to be 
present as a cytosolic isoenzyme (Crabos ct al., 1991 ; Bomer «t 
al., 1992; Huwiler et aL, 1992); only in HL 60 cdls, has it been 
reported to be mostly in the particulate fraction (Ways et al., 
1992a). Again, tfanslocatiMi and downiegulalion by PMA 
appears to be dependent on the cell type. Whilst it is sensitive to 
PMA treatment in rat6 fibtoUasts (Bomor et al., 1992) and 
human plateleU (Crabos et al., 1991), it is resistant in HL 60 
(Ways et al., 1992a) and renal mesangial cells (Huwiler et ai., 
1992) and in two neuronal ceU lines (Wada et al., 1989; Wooten 
et al., 1992). Sensitivity towards PMA treatment seems quite 
contradictory to the fact Uiat PKC C ndther binds to nor can be 
activated by phorbol esters (Ono et al., 1989a; Liyanage ct al., 
1992; Mcdyun et al., 1992). However, especially for the nPKC 
isoenzymes, mechanisms of activation and degradation must be 
poslutated which might involve other cellular (maybe cell type- 
spedCc) coraponenU; in fact, membrane-associated PKC-bind- 
ing proteins have been reported which may serve to anchor or 
compaitntentalize PKC isoenzymes to different intracellular 
membranes (Wolf and Baggiolini, 1990; Mocbly-Rosen et aL. 
1991). 

In several human tumour cell lines. PKC 9 has been o^rted 
to be present spedlkally in the cdl nucleus ; PMA treatment does 
not lead to downivgulation (Oreif et iL, 1992). Wbcu PKC 0 was 



expressed in COS ceUs, the majority of the protein was found in 
the paniculate fraction (Osada et al., 1992). 

Concerning the data acctmiulatsd above, we have to admit to 
being far away from a clear-cut picture of the distribution, 
translocation and degradation of PKC isoen^mes within distinct 
signaDiag pathways in different cells. Ukewtee. the concept of a 
"cell depleted of PKC by prolonged PMA treatment" has to be 
re-evaluated in the light of significant differences in PMA 
sensitivity between the PKC isoenzymes in various cells. How- 
ever, a connection of the above findings with data on PKC- 
me dialed proliferation and differentiation events may bring us 
closer to detailed insights. 

In order to investigate the role of distinct PKC isoenzymes as 
such and, espodally. in the control of cell proHfcraUon, PKC 
tsocn;grme cDNAs have been stably overexpressed in several 
mamma lian cdl systems under the control of various promotm. 
In general, the effeas observed d^ietid veiy much on. the cell 
lines and the PKC isoensyme cDNAs used. 

Bovine PKC a has been ovesexpressed in Switt 3T3 cells 
(Eldar et al.. 1990) and murine PKC a. in BALB/o-, rat6- and ^- 
fibrohlasts (Bomer et al., 1991). In all cases, no transformation 
could be observed by growing the cells in soft agar. Over- 
expression of human PKC a. in NIH 3T3 fibroblasU resulted in 
a slighUy transformed plwnotypc (Finkcnzeller ct al., 1992) 
which might be due to tl» parental cell line used. 

Overcxpression of rat PKC fil in ral6 fibroblasts gave rise to 
transformation, especially in the presence of PMA (Housey et 
al,. 1988). and pbospholipase D activity and DAO formation 
were increased flPai ct al., 1991). In contrast, overcxpression of 
PKC pi 'xa. rat liver epithelial cells was not sufficient by itself for 
cell tiansformation (Hsieh et al.. 1989). No alterations were 
observed by overaxpressing rat PKC in C3H lOTl/2 cells 
(Krauss et al., 1989), whereas PMA exerted even an iahlbitoiy 
effect on celt proliferation in HT29 colon cancer cells ovet^ 
expressing the same PKC isoenzyme (Choi et al., 1990). 

Rat PKC r overcxpression in NIH 3T3 flbioblastt may 
(Persons et al.. 1988) or may not (Cuadrado et al.. 1990) result 
in transformation. This may be due to different expression levels 
of rat PKC V In these recombinant cell lines or to variations hi 
the parental NIH 3T3 clone used and shows the general difficulty 
iniafterpreting cffccta of overexprcsaod proteins. When rat PKC 
y was transiently ootraoflfoeted with a test gicae under the control 
of the VL30 enhancer dement it was shown that PKC y could 
ttansactivate the murine VL30 enhancer element (Persons ct al., 
1991). 

Ov«i«xpression of Uie murine PKC S in NIH 3T3 cells gave 
rise to a slower cell growth rate, whereas overcxpression of 
murine PKC c in tlw same cell line led to an increased growth 
rate (H. Miscbak. personal communication). Data on the 
ovorexpression of other nPKCs are not avaibible at present. 

UsuaUy, overcxpression of PKC isoeo^rmes in mammalian 
cdbi is correlated with an enhanced expression of early proto- 
oncogenes such as o-/m», K>-fo*, o-myc etc. Very oi^ cells disphty 
an altered morphology such as an increase in refkactllity. In rat6 
fibroblasts. It was possible to oveiexprm PKC fil (Housey et al., 
1988) and a (Borner et al.. 1991) 40-50-fold at the protehi levri, 
whereas the maximal expression level in other cdl lines was up to 
10-fold, so far. The PKC ^-overaxpressing rat6 cell lina (Housey 
et al., 1988) is the only PKC-oveiexpretsing cell line that is 
known to give rise to tumoun in nude mice. In general, it can be 
concluded- that overexpression of PKC can lead le altered oeU 
growth, but the type of alterations ara dependent on other 
oeHular fhctois. 

Rather degaot experiments have been carried out by Ohno et 
aL (1991): rat fibroblasts wera «x>tran«focted with diffesent PKC 
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cDNAa and the cDNA for the bacterial chlorampheiucoi acetyl- 
tranifcrasc (CAT), the latter under the control citlica- of « TPA- 
responsc elemeol (TRE) or a (cnun-respomc etemenl CSRB). 
PKC a, ^ and e were able to enhance t^^aificantiy the 
expreision of both the TRB/CAT and the SRE/CAT geoeg u 
weU as of the eadogenoui ojwi gfsae. In contnat, PKC y only 
enhanced the expiesiion of tlw SRE/CAT gene. Thne finding! 
represent a convincing <tououtU»tion oTdisUnct roles of PKC 
isoenzymes at the level of the control of gene expieirioa In a 
defined cellular eovironment. 



MODUUTION OF GENE EXPRESSfON BY PKC ISOENZYMES 

Besides analyses on the role of distinct PKC isoenzymes ovor- 
expressed in cells stably or transiently Uansfccted with the 
respective t£>NA (see nbove), sevml odlular qvtemi have served 
to dnddate the cole of eodogaoous PKC isoemymca in the 
modnitttioa of gene expiessioa during dlffeKntiatlon and pro- 
liferation evenb At situ. 



Tcellt 

Activation of T cells by antigens, anli-reoeptor antibodies, IL-1, 
lectins, PMA, or a combination of these, leads to the expression 
of U^2 and the 5S icDa orsubunit of the IL-2 receptor (IL-2Ra) 
which results in an autocrine stimulation of proliferation 
(reviewed by Berry and Nisbizuka, 1990). In this ctossiGal modd 
system, PKC is undoubtecBy involved in the aclivalion prooesB. 
and althpugh a sapid tiansIocaUon of PKC has been obsecved. it 
Is dear that PKC activation is required for a prolonged length of 
time (Berry et al., 1990). In this context, the observation that 
PKC fi, but not PKC c, is doworegulated during thymocyte 
Activation by PMA (Stnilovici et aL, 1991) mi^t gain some 
ngnificflQco. 

During T odi activation, the expreaaioo of the o-foi, but not 
the o-y<0(.«sne product is enhanoed ; these two proteias, as homo- 
or heterodimeric complexes, represent the transcription factor 
API which confecs indudbility by PMA to genes containing a 
TRE (TPA-response element) witlwi their promoter DNA se- 
qwence (for dctaiU see Berry and Nishizuka. 1990; Kaiin, 1992). 
Activation of the DNA-twidingactiyity of API seems to involve 
both PKC-mediated phosphorylation of o-Fos and de> 
phosphorylation of o-Jun (reviewed by Karin 1992; Meek and 
Street 1992); thus, activated PKC. via the modulatioa of API 
activity, may enhance transcription of the IL-2 and IL-2R« 
genes. Both genes also exhibit binding sites .for the ttaascxiption 
factor NF-kB which, in its inactive cytoaolic fonn, is oomplexed 
with an inhibitor of iu DNA-lnnding acdvity named I-kB; the 
latter has been reported to be removed llrom tin inacdve oomplax 
by a phoq>hoiylation event, moat probably mediated by PKA 
and/or PKC by an inditect mechanism (Shirakawa and Mizel, 
1989; <3o«h and Baldmore. 1990; Unkjtt a!.. 1992). Thus, PKC 
could be involved In transcriptional activation of the IL-2 and 
IL-2Ra genes in a dual way, via API and NF-/cB. maybe 
mediated by two diftecent PKC Isoenzymes (see below). 

Recent reports have pointed out die possibility thai two 
further components of the si^ial transduction pathway (see 
Figure 1) are Involved in PKC-medlated T cell activation. A 
significant increase of the O protehi p21'~ in its OTP-binding 
(active) form has been observed, which in turn indicates a 
diminished activity of the so-called GTPasc activating .pcotebt 
OAP. due to (duteot or indkect) phoqihoiylation of GAP by 
PKC (Downward et al., 1990). Anodwr cytoplasmic Ser/Thr 



kinase, o-Raf kinase, resembles PKC in that it represents a group 
of closely related iso«izymes also stnK,-tured into a regulatory 
and catalytic domBln, and containing a zinc finger motif 
(Morrison et aL. I99I; Bruder et al., 1992). Its significant role 
within the signal transduction pathway has been unequivocally 
establidied, although details remain obscure (reviewed by Li et 
al.. 1991). 

As to T cell activation. Siegel et al. (1990) could demonstrate 
die concomitant phosphorylation aitd activation of the o-Raf 
kinase via a PKC-mediated pathway; this is supported by Tocent 
evidence Uiat c-Rnf kituise is a direct substrate of PKC In situ and 
in vitro (W.Kolch and G JCochs, personal communication ; Sdzeri 
et al., 1992). Since expression of API-driven promotors and 
genes (see above) is tiiought to require c-Raf kinase (Bnidcr el 
aL. 1992), tills might indicate, at least for the case of T cdl 
activation, the existence of a protein kinase cascade consisting of 
one (or more) PKC isoenzyme(s) and the Raf-l kinase. 

Ery^eleokasmia ceils 

Mouse eiythroleuka«nia (MEL) cells represent a transformed 
cell ta'ne from the erytbroid lineage of the haematopoietic system, 
most probably from the ptoocylhroblast stage. MBL ceils can be 
induced in situ to terminal erythroid dilferenUation marked by 
the cessation of prolifemtion, the onset of globin mRNA and 
haemoglobin synthesis and the expression of several other 
eiytbcobhut marker genes (reviewed by Reuben et al., 1980). 
Recently, MeUoni et al. (1989) convindn^y demonstrated that 
PKC Is involved in. if not responsible for, the onset of 
diiferentiation (so-called commitment). Moreover, in this system, 
the (tran8ient1).presence of a proteolytkally activated. cytosoUc 
fbtm of PKC (see above) seems to be hnportant, as has been 
demonstrated by the inhibition of dlffermtiation in the preaenoe 
of die protease Inhibitor leupeptin (Mellon! et oL, 1987). Since 
levels of PKC a. remahted unaltered, but PKC fil/fltt decreased 
ooncomitandy with the onset of differentiation, the latter 
isoenzyme(s) seemed to exert the key role (Melloni et al., 1989). 
Re-evaluation of the PKC isoenzyous pattern of MEL cdls, 
however, has revealed tiie absence of any PKC fi isoenzyme, but 
a significant abundance of PKC e (Powell et al., 1992; T. Sarre, 
unpublished work), which may now be the candidate isoenzyme 
during commitment A potential role of PKC s in T cdl activation 
(see above) may be mere coinddemce as well as the fact that cells 
from (he non-ery throid myeloid lineage (see below), which cannot 
be induced to eiythroid dllllsrendation. lack this isoenzyme^ but 
expiesi PKC fi which is not present in MEL cells CTkbto 3). 
Reoentiy. a rapid elevation of DAG levels, followed by a 
slgniflcaat decrease, has been reported as one of the earliest 
evenu during MBL cell diiferentiation (Mlchaeli et aL, 1992). 

Rather littie is known of the modulation of gene expression 
linked to erythroid difierentiation. In differentiating MEL odis, 
downrcgulation of both c-myc and o-myb gene expression has 
been reported (D. Eick, personal communication; Smith et al., 
1990; Danish et al., 1992) which contirasts with tiie observation 
that erythroid differentiation achieved by erythropoietin in 
spieaic erythroid cells is accompanied by an increase of c-myc 
RNA which seems to depend on the activation of I'KC (Patel et 
al.. 1992). 

Involvement of PKC in the modulation of gene expression at 
the tranalational rather than the transcriptional Icvd has been 
neglected for some time, tiiough changes in both the proliferative 
and difletentiation status of odis are accompanied by signiircant 
alterations of the overall rate and qiiali^ of protein Uosynthesis 
(reviewed by Hcrshey. 1991). For example, differentiation of 
MBL cells leads to a decrease of the global protdn synthesis rate 
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CO about 30%, though ia parallel giobin synthesis reachet a 
maximum (Bader and Sarre. 1986). The domioant znechanisnu 
of translational control iovolve reversibie phoq>horylation 
reactions od oomponeats like ribosomal protehu, inittaiion or 
dongadOQ factors (Hershey. 1991). The ribosomal protein S6 (of 
the 40 S subuoit) as well as the ioitiadon factors eIF-3. eIF-4E, 
erF-4B and eIF-4F (the mRNA cap binding compkx) haw been 
reported to be phosphorylated in odls treated with insuUa or 
phorbol esters (Morley and Trau^ 1990). Whilst S6 
phosphorylation is exerted by a S6 kinase «diieh seems to be 
downatzeam of PKC in a protdn kinase easoode (Susa et aL, 
1989. and referenoes dted Oustdn). at least eIF-4F and -4B 
appeal to be duect substrates of PKC in situ and bi vitro (Morley 
et al., 1991 ; Smith et al., 1991). Interestin^y, overexpieasion of 
the cDNA encoding eIF-4E in NIH 3T3 cells lead to cellular 
transfortnation (Lazaris-Karatzas ct al.. 1990) and cxprcsston of 
antisense cDNA diminished the proliferation rate of HcLa cells 
(De Benedetti et al.. 1991). 

Thus, it seems likely that traosiatiotul control mechamtnu 
involved in proliferation and diffeientiation evenU are exerted in 
part, directly or indiitectly, by activated PKC isoenzymes. 



A third In situ system used for the analysis of the role of PKC in 
the control of diSerentiation involves human myeloid or pro- 
myelocytic leukaemia ceU lines (HL 60. U937, K562. HEL; see 
Table 3). These cells tend to differentiate into distinct cell types 
depending on the inducer used: upon exposure to phorbol esten, 
HL 60, K562 and U937 cells show a series of monocyte/ 
macrophage properties, whilst HL 60 cells treated with retinoic 
add or DMSO exhibit a neutrophil-like (granulocyte) phototype 
(Hass et aL. 1991 ; Okuda et aL. 1991 ; Ways et al., 1992a.b; and 
refermces cited in Table 3). In contrast. KS62 cells dilTeienUate 
along the erythroid lineage upon ireatmenl with haemin 
(Rutbeifoid et aL. 1979; Okuda et al.. 1991). Following PMA 
treatment, the megakaryocyte-Uke HEL cells develop properties 
characteristic of platelets and megakaryocytes (Orabaiek et al., 
1992. and referenoes cited therein). As is the case for T oeUs 
(Berry et al.. 1990), HL 60 oeUs require a sustained activation of 
PKC for differentiation to tite macrophage phenotype (Aihara et 
al., 1991). This is ht agreement with the observation tiiat hi^ 
concentrations of PMA lead to diffeientiation of HL 60 cells 
whilst low doses of phorbol ester are just mitogenio (Trayner and 
aemens, 1992). a finding whidi might rdk»t distinct roles in 
proUferatkm and difihrentiatlon event* of PKC isoenzymes 
differing in their suscq>tibili^ towards PMA. The tremendous 
redistiibutioBS and changes in abundance of PKC isoenzymes 
observed during the diSerentiation processes in these cells (see 
above) indicate that PKC isoenzymes seem to play an important 
role, which will be worthwhile to elucidate. 



PERSPECTIVES 

An oveiwhehniug amount of information on PKC has 
accumulated since its discovery in 1977. As ouOlued in this 
Review, successful work has been carried out witii req>ect to (he 
number of isoemgrmes, their structure and Mocbemical proper- 
ties, their expression, localisation and activation witbin resting, 
proliferating and differentiating cells. In order to understand the 
divergent role of PKC isoeni^ymes in distinct signal transduction 
pathways, however, several aspectt will require special attention 
in tiie future and intensive investigations both In vitro and by the 
use of appropriate cellular systems. 



Physiological inducers of a PKCnssponse should gel prefeniocc 
to artefactual inducers potentially exerting pletotropic (or no) 
effects. Thus, in the li^t of the extremely different sensitivity of 
PKC isoeoiQraes to long-term PMA treatment in situ (we above), 
the experimental paradigm of ' PKC downreguhition ' should be 
handled with caie (see also Varese et aL. 1992). Instead, a 
detaited analysis of the activation of distinct PKC isoemsymcs in 
ceU* wUdi respond to a spedflo inducer witib a distinct 
di^rentiatioa program will provide us with much more profound 
insights. Reoentiy, Szamd and Resdi (1992) demonstrated that 
early in T cell stimulation (see above). PKC a is transienUy 
activated whilst a prolonged activation of PKC fi is observed 
after a lag phase. PKC ec activation appeared to be suSkient for 
the expression of IL Ra, whereas the sustained activation of 
PKC ^ was a prerequisite for the ex|Hes>ion of ILr2. 

Altiiough there arc potent PKC inhibitors available now 
(reviewed by Tamaoki and Nakano, 1990), the deveioimunt of 
tioenzymo-spccific PKC inhibiton will be extremely tueftil. As 
described above, stable overexprcaaion of PKC i in NIH 3T3 
cells leads to a diminished growth rate. Interestingly, in these 
cells normal proliferative behaviour could be restored by an 
inhibitor for both cPKC and nPKC, but not by a cPKC-apedfie 
inhibitor (O. Martiny-Baron and C. Schichtele, personal com- 
munication). Likewise, the inhilwtion of tiM synthesis of in- 
dividual PKC isoeaozymes by the use of spociflc oligo- 
ribonucleotides as well as the intracellular use of iioeszyme- 
Specific antibodies will allow for the depletion and inactivation 
respectively of distinct PKC isoenzymes. Recently, Leli et al. 
(1992) demonstrated that intracelluUtr delivery of anti-PKC a 
and PKC e antibodies into tranrientiy permeabiHzed neuro- 
blastoma cells was suflBdent to induce difiEsxeatiation. 

With regard to the group of nPKCs. the biochemical nature of 
second nuHNHmgnrs generated by different incoming signals has to 
be detomined. Comqxmdingly, die activator and cofactor 
lequirements of the individual PKC isoem^es both In vitro and 
situ have to be eluddated. Northern and Western blot 
techniques with PKC isoenzyme-spedlic probes will permit Uie 
determination of tiie exptession pattern, the localization and 
redistribution of PKC isoenzymes in different tissues and cells 
and thus complete our understanding of the complex PKC 
isoenzyme network. 

Transient and stable (over)expre8don of PKC isoecu^e 
oDNAs undo- the control of constitutive and indudble promotors 
will suRsly enlarge our understanding, espedelly if more soph- 
isticated approaches arc chosen: (i) expression of a PKC iso- 
enzyme not present in tiw respective cell ^pe, (11) co-expression 
of individual PKC iaoeniymcf vntb other (downsueam or 
upstream) components of signal transduction pathways , (iii) 
expression of PKC isoenzyme mutants. e.g. chimerae of the 
regulatory and catalytic domains of different isoemgones or 
mutanU carrying deletions within the VI, the zinc finger and the 
hinge le^pon, respectively. Promising work with respect to this 
goal has been initialed, e.g, the cotrausfection experimentt by 
Ohno et aL (1991). the PKC e/y chimera of Pears et al. (1991) 
and tiie PKC » devoid of the regulatory domain (James and 
Olson. 1992). Thus, the key role of PKC isoenzymes in signal 
transduction and iu impact on the modulation of gene expression 
linked to proliferative and diflerentiwtiou events will be fiirther 
substantiated. 

Ws idiiwwledg* Uis work of numerout coliesaues wtwse contributions to ths field 
may mil tM msnHomd ki this Rsvtew. due to Mts In spacs sndlo Uh so^ or IMS 
srticia We woiM like to thsnk Geo/g Koctts. Waittr Kolch, Pttar Psrksr and Marlus 
tMRng tor helplU discussions, si«gssttoas and ailicism duiing ttw preparalion of 
8iB nwwscrlpt We ats gtatoM to Justus Ounler, OirK Bck. Qmo Kociis. Walter 
Kotoh. Gsorg MsfOiiy-BatDri and HaraM MIschah lor nnkhig data 
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OfHcial Symbol PRKCUi and Name: jwounu kiniise C. beta i f/fomo sapiens] 
Other AliMHCs: MGC41878, PKC-bcta, PKCB, PRRCB. PRKCU2 
Odier Deaiguationn: protein kkuse C, betit; protein kinase C. bcU 1 polypeptide 
C3in>mu«otue: 16; X^ocation: l6pil.2 

Ajinototiuni camrnioaomc 16, NC_ooooi6.8 (a37548a3..a4i39o63) 
[ MTM : 170970 
GcnelO: 5579 
2: PRKCBl 

protein Idnaie C tieUi 1 [A» Taurus] 

Other DesignatiotM: protein kiiUM C, beta; protein Jdiiase C beta i polypeptide 
dironiosome: as 

Annotation) Chromoaome 25, N<:_oo73a6.2 (23fia6a6d..232s6si7) 
OenelD: 282325 

3! Prkcbi 

Oaioial Symbol Prkebl and Natnc: protein kinase C, beta 1 [Mus musadtul 
OHier AUnseM AisooSaFosRik. PKC-Beta, Pkcb, Frkcb, Prkdba 
Other I>estgiM.iioiui protein kina.ie C twa-ri 
ChronuMKMne: 7; I,ocaUoii: 7 60.0 cM 

Aunotationi Oiromosome 7, NC_oooo73.5 (129432639 -ia97779i6) 
OeneliJ: 18751 

41 pikcbt 

Official Symlml prkcbi and Naiu«: protein kinase C, beta 1 [JtenoniM tromcabai 
OtiierAliaAeAcPKC!beta,prkcb i. 1 * j 

GencID: IOOO38U43 
5« Prkebi 

Official Symbol Priori and Name: protein kinase C, beta 1 [JXaUus noroeaicus] 
OHier Aliases: Pkcb 

Otlier Designation's protein kinase C beta I; protein kinase C beta 11; protein kinase C, beta 
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protein kiiusc C, buU 1 fSus serqfti} 

Odier Dcaignationn: protein kinase C beta 2 

OenelD: 397183 



MRctal Symbol priosbi and Namct protein kinase C, beta i [JOanio rerio] 
Other Aliasea: MaC6359i. Prkcb, ,egt::63R9i 



1: cairomosome 3, NC_007Xi4.3 (38o7a834..a8784594, complementj 



Chromosome: 14 
AunotaUou: Chromosome 14. NC_Oo6loi^ (67l5547..677a687) 
GcncID! 4x6567 



protein kinase C, buU [Maoaca mulaaa] 
Oiromosome: 20 

Aiiiiutatioa: Chromosome ao, NO 007877.1 (223i44S8..22688i70) 
G<»icII>: 7OU95 

i: PRKCBi 

protein kinase C. beU 1 fCanis lupus famHUtris} 
CSiromosomet 6 

AuuoUtiun: Chromosome 6, NC_oo6s88.2 (24761572.-24961681, cnr 
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